
HWAHAK KONGHAK Vol. 38, No. 2, April, 2000, pp. 173-178
(Journal of the Korean Institute of Chemical Engineers)
��� ����� 	
� �
 ���� ��� �� ��

 ���� ���†� �	


��������	 
��
����

(1999� 10� 20� ��, 1999� 12� 20� ��)

The Behavior of Membrane Potential Changes During Filtration of Latex Colloids

Sang-Yup Lee, Myung-Suk Chun† and Jae-Jin Kim

Biomaterials Research Center, Korea Institute of Sci. and Tech., Seoul 130-650, Korea
(Received 20 October 1999; accepted 20 December 1999)

� �

��� ���� �	
�� �
 �
� ��� ��� ��� �����(electric double layer)�� ����� ��

�  ����(electrokinetic) !"# ���$(streaming potential)% &'�(. � )*, Helmholtz-Smoluchowski + ,�

�
 -.���� /0�$# 1�23 456� �$(membrane potential)7 819 : �(. ;#�<� -="��, 4

56� �$3 >?@A� BC, DEF �
� BC# 8123 ��� ��G H�(ionic strength)I JK LEGMN �

AO� PQR S3(. -="� TU� VW X �(cake layer)� YZ2[#, in-situ 456� �$ \1],R ^#�

N��= =" _`� Va b"cdeI 456� �$7 �_� \1�f(. Wge@A� hi8", @ABC% j%9

:k b"cdeI 456� �$% lm�f(. �nK, @ABC% j%��� -.��� X � Zo� pTq� Va

b"�r� lmI ���CC(conductivity) j%# �� 8"�(. �s, ��� ��G H�7 KCl 0.1 mM�� 10 mM

# tG_u vK 456� �$ \18"3, ��G H�% j%9:k b"cde3 lm�F 456� �$3 j%�

f(. �w� x�K, ��G H�� j%� Va Wge@A y$� ��� z{(double layer thickness)� |}� ~�

(Debye length) lm# ��� X �� YZ2F, Wge@A� /0�$ j%� �
 �0� >��# ���(.

Abstract − The streaming potential generated by the electrokinetic flow effect within electric double layer of charged chan-

nel is applied to determine the membrane potential by using the Helmholtz-Smoluchowski equation. It is known that the mem-

brane potential depends on the particle concentration, solution ionic strength, and cake layer formed during the progress of

filtration. The influence of physicochemical parameters upon the filtration has been examined with an in-situ and simulta-

neously monitoring of membrane potential as well as permeate flux. As the latex concentration increases, both permeate flux

and membrane potential are decreased. Evidently, the growth of cake layer has been more developed with increasing latex con-

centration, and then both a lower permeate velocity and a higher solution conductivity lead to decrease the membrane poten-

tial. With increasing ionic concentration of KCl from 0.1 to 10 mM, the opposite behavior has been observed, where the

permeate flux decreases but the membrane potential increases. Note that the increase of ionic concentration provides a denser

cake layer due to the shrinkage of Debye length, and the increased membrane potential results from a corresponding zeta

potential.
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1.� �

���(charged) ���� �	
� �
�� ��(channel)� ��

��� ��� ��
 ��� �� ��  !"� ��
#$(electric

double layer)�� %&
'(counter-ion)(� 
�  �) �*+� ,

-�*(streaming potential). /0�1 �2. ,-�*� 34�5 �

��� �	6� 7� 89�*(zeta potential)� 
:; ���� �

*(membrane potential). <4=>, 
? @AB ���� 6�� C

"  �) #D) 4EF 8	)2. �GH�5, ,-�*(I, ���

� �*)? J���(electrokinetics) K �LMNH O%
 PQH�

5 R�=A �9�? STUNH� C"V57, 
  &) >WX

�Y? SZ
> [�\] 3� 7^ #D�1 D]�2. ����

_`F E�, abH cd  e7 ���� �*� Mf
 #D�1

�g=A 
  �) h/) \]. Bi=> �2.

jk l mn \]�o57, ���� �*� ,-�*? p6��

q�(modification) rs  &) �W  H�=> �t� u v �2†E-mail: mschun@kistmail.kist.re.kr
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[1-5]. ,-�*? 6�� UNH w"xU  y: p6�� z[�

(functional group) xU  {|) +
F E
}5, p~� �� \]

�(X 
�) C"� 
�) p� UNH q�  �) p6� ���

+
F 34��� q� ��� �s"�� xUF 2��2. Nabe �

[3]X ��� 34s BSA v��� �s ��� �� ps �5
�

6�
 %� z& ��� ��F �> ��� �5
� ��� 6�

��
 �B=A p��(membrane fouling)
 �.�� E�2. Jimbo

�[4]X p6�  z[�(functional group)F �s�� �9�? 6�

��� xUF 89�* 34� �� ��f v �t� q�) >_

� p6�  &) AFM(atomic force microscopy)
� IR(infra-red)

_�<se ab��� E�2. �� , 
¡X \](  �A7? q

�� p~�� C"U(characterization)  @� ¢H
 ��}5, �5


� ��
 �s=? �8� w£ 7 �9�? p6�s �5
� �

�¤� ¥�T 4�%�R�(long-range electrostatic interaction)s J�

��� rs  &�7? ¦1 >W=§ ¨> �t� © v �2.

p� �s"�� ªA«T? p6� *� ¬ $(cake layer) !"


� �	� p­X �LMNH ®¯s °±� ��� 
'²^ K

pH, O³��� ²^, �T> 6��*  �� §´=? µ�5 �T

©¶· �2[6]. ���� 7� ,-�* 34X Nyström �[7]� \

] 7e ¡
, �	 ]w� xU ¸? ��
#$� ¹º(overlap) 

�� A» 4^� %&H �+F �9�§¼ p��� Bis4� �

½¾¿(monitoring)f v �? HÀ) ��ÁÂÃ  _Ä�2. ¬ �

!"  y: ÅsÆÇÈe ���� �*� �H ��  �) \]

57 Agerb�ks Keiding[8]?, O³��� �É, �s ÊË, ���

� 
'� Ìoe �^^  y: ,-�*e ÅsÆÇÈF 34��

��� ��� 
'²^. ,-�*  @D) ®¯� @? <sF E

>��2. ���, �(
 �Í) dead-end �s Ág�5? )4� �

sÉ�5 �� Î_) �s Ï¤� Ðs  y: ���� �*� xU

��� �3f v Ñ? )J. ��2. )Ò, �5
� ��. Ã��

²^5 _Ó=A �? O³��  &) ,-�*� \]. ÏR=A Ô

Õ ��� ��  &) �Ö� ���� �* 34Ág  �A7 /�


 �1 =�2[9-10]. ¬ $  �) p��X ÅsÆÇÈ |~(flux

decline)e \<=? , �s�� 
�� p(virgin membrane)s �s�

� p(fouled membrane)  &) ���� �*� ab_��5 !"�

¬ $  &� \]) cd� <s(� u v �2. Kim �[11]X �

�� p� ���� �*? ¬ $� C"  ×� �Ö�� E�>, p

��� &�_
 6�� �	 �] 7 !"Ø� 8Ï��2.

G \]� ¢HX, �5
� ��� p�s Bi  y: ����

�*F in-situ�1 �3�>, � xU��� ¬ $ !"  �) Ås

ÆÇÈ xUe \��� 
��?  �2. ���� �*F >W��

*�7? 4�%�R� K J���� O%  &) 
�. ÙD) ,


  R�=? ÚX STUNH ®¯( # 7 CÛ �� #� �5


� ��� ²^e ���� 
'²^ rsF >W�>� )2. �Ö

� Ágs? ÜT p� ,-�*e ÅsÆÇÈF �Ï  34f v �

? in-situ ���� �* 34ÏÈÝ� �L 8R��>, �Þ �5


�e �����5? ßTÈ9
à áâÈe ßT°ãä5½åä 	

#QJæ� a&ç! �	� è? )é�s(ultrafiltration) p� ê��

�2. 34� ���� �*� ��<s? p�� Bi� ëÄ  ��

� \]  �df v �? �G�ì5 h�.��� §H)2.

2. ����	
 ���
� ��

��� ��  ���� �	s ¡X >L6�
 ��1 =� �

6�X ��F �1 => 
? ���� ��_íF xUÏî2. ï

ðñ�B ��_í5�¾ �*� �±�(gradient). Ö��1 =ò �

� K @* O³�L� ��  ®¯� óV1 �2. ñzH�5 ��

_í? �T  yá �*. |~�? >*-�ô¼(Guoy-Chapman)�

Þ  �� õÄ=ò, J�  ;5 ��? Èö$(Stern layer)s 
'

� 
�"
 ��Û Ö��? �Ó$(diffuse layer)�5 &x=? �

�
#$
 !"�2[12, 13]. é�ÊË  �� �	 ��� �� �

�5 ��� ��
 ,÷� �L� ,-  �� �Ó$� 
'
 �

�� )Ò�5 ø#=A, Fig. 1s ¡
 �� ùÔ  �*+. /0�

1 �2. 
ú /0=? �*F ,-�*á �ò, ñzH�5 .�§

? ÊË  &� k!H�5 aû�? C"� E�2.

,-�*  �) ¥T5 ���F ,÷? 
'� ùs /0�? �

*+ abF �� Èö$ 7 4�=A§? 89�*(zeta potential),

I ���� �* ζe� �JF �9�? Helmholtz-Smoluchowski

(H-S) g
 2ts ¡


(1)

�^=�2. ��7 ∆Vs/∆P? ÊËxU  y: ,-�* xU� a, εo

? B	 7� ��ü(vacuum permeability: 8.854ý10−12C/Vþm),

εr? %&��ü(relative permeability), η? ��� ÿ^(viscosity), λo?

��� ���^^(solution conductivity), λs? �	6� 7� ��

�^^(surface conductivity), �T> rX �	 ��� z§-� ��

�9�2. *� gX ÊËxU  y: �*+ xUF ��H�5 3

4�� ���� �*F Ó�f v �t� �ó�> �2.

�	6� 7� �^^? ��� �^^  a� �Ïf v �? ù

�5, �	6�
 �T� Ðj? λs/λo. &� 10−7 4^
2[14]. ¥

�!
 °� a&ç!(asymmetric) p�	� Ðj  H-SgX

(2)

e ¡
 ÔÕU� !�5 ê�=? µ
 ñzH
2. g (2) 7? �

	 z§-  &) ®¯
 Ñ? , �	 z§-  �) 89�*� x

U  &) \](
 Ú
 Bi=A ��� °×�§ �	ã�  %�

=? E2 /�� H-SgX �8 	8  H�=§ ¨> �2[15]. ��

�, 
#$ 
�(double layer thickness)�  ;
 �
(Debye length)

  a� �	 z§-
 RX Ðj 7^ g (2)  �� ���� �

* ��  &) %&H xUF �3�  C
) 8)X Ñ2.

3.���� �
 �� ��

 

 

 

 

 

 

∆Vs

∆P
---------- = 

εoεrζ
η λo λs r⁄+( )
-----------------------------

∆Vs

∆P
---------- = 

εoεrζ
ηλo

------------

Fig. 1. Schematic diagram of streaming potential induced by the fluid
flow through a pore channel.
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3-1.�� �� ���

��! )é�sp� XM-50(Millipore, MA)� ]��� ����

�*��� *) ��  ê���2. XM-50pX ßT°ãä5½åä

(polyacrylonitrile)-ßTa��5á
�(polyvinylchloride)� 	#QL

(copolymer) ��57, ×Ð 43 mm, �ð �	×Ð 6.6 nm, _�_�É

(MWCO: molecular weight cut-off) 5ý104Dalton� .§ò, S Ås^

? 1 atm, 25oC 7 0.84 cm3/cm2þmin�5 �9�2. )Ò, PCTE

(polycarbonate track-etched, Poretics, MA)p� 
���, G \] 

7� ���� �* 34ÏÈÝ�5 ]�B  
¾e �Ö� 	��

� ab��2. &ç!(symmetric)� ¥�! �	]wF è? PCTE

pX �ð�	zÐ
 0.5µm�5 ,-�*� H�  &) �Þp�

5 HQ�2. ��  ê�� p(X ���� �  ñ4) ÊË� 

7 20_¤ �ovF ÅsÏ� 
��? ��TF ��2.

�Þ áâÈ��57 �ð ×Ð 0.094µmF è? ßTÈ9
à(poly-

styrene) áâÈ(��²^: 10 wt%, Sigma Chemicals Co., MO)F ]�

�� ê����ò áâÈ��� �^? 1.05 g/cm3�5 34=�2.

��6�� SO2
−�  �) t
'"(anionic) ßTÈ9
à áâÈ�

6�4�*(surface potential)e 6����^(surface charge density)

�� 4�(electrostatics) ��  &) ]LH <s. �7 ��� ;

�2[16]. ���� KCl(Kanto Chemical Co.)� ²^xU5 ���


'U 
�F, �T> HCls NaOH5 ��� pHF wÀ��2. �

� Ï�(X _� ��(analytical grade)
�>, �ov? M�Å 4

v�(Elgastat Prima RO, UK)5 �T�� �^^ 2µS/cm 
��2.

p�s  &) áâÈ��� ²^e ��� 
'²^� ®¯� �W

�� *�� Table 1s ¡X �5
� ��� �a��2. )Ò, p�

s ��� vi���  30_ 
% Ïì��s ��Ï� p
 Î_

Û  4U=^! ��2.

3-2.�	
� �
 �� ���

��! p� ÅsÆÇÈe ,-�*F �Ï  34�� *�� Fig. 2

e ¡X ÏÈÝ� ]"��2. ,-�*"(streaming potential cell)X

¥�!� ÅÄ °ãä5 8R=�> p� �r�HX 9.62(=πý3.52/

4) cm2
2. ��s� �� �
. 1cm� p&�! Ag/AgCl �#(Anton

Paar, Australia)� p� ù$  õV��>, �#� �� %&B �*

? c~ �r34'*. 1ý10−5mV� Y4� (§) *+ó¾(digital

multimeter, HP34401A, Hewlett-Packard Co., CA)F �� ,-¾ 

�!=�2. 
ú, ��� ÊË  &) �*�X c~ 100q 
%


34=�> 
  &) �ð�� ,-�*5 kÍ��2.

�5
� ��� �^^? ./��(reservoir) 7 �^^ 34�

(Model32 conductance meter, YSI, OH)5, pH 34�(MP225 pH meter,

Mettler Toledo, UK)5 ´8�(retentate, 0X concentrate) �_ 7

pHF \1H�5 34��2. 	��(feed)X >"� 4��É2ô(solvent

delivery pump, M925, Young Lin Co., Seoul)  �� ,-�*"5 	

�=ò, p� ùÔ  3T? ÊËX ÊËx4�(pressure transducer,

Myung Sung Co., Seoul)F 
��� J3��2. ´8� �É� 5


ã5 6�(micrometer capillary valve, Gilmont Inst., IL)5 wÀ��

¥�? ÊË� 78�2. Ås�(permeate)� �ÉX Ï¤ Ðs  yá

4���.±(PG502, Mettler Toledo, UK)5 34=A ,-�*e �

Ï  9+:� PC  �!, �T=�2. �5
� ��� �s ��X

Ås ÊË 0.5 atm� w£ 7 
�A;�ò, 0.5 atm 
� Ã�� ��

ÊË 7 ,-�*F 34�� ���� �*F Ó���2. ��� 3

4 7 p�	�  4%%�(steady state)� �� ,-
 ¼<=^! z

�Ï 2-3_�  4U Ï¤� 
�2. �5
� ��� �s  y: 	

��� ²^ xUF p� *�7 ´8�X Õ4Ï=§ ¨>2. )Ò, �

�w£  yá �Þ áâÈ��. è? 89�*? 89�* _��

(Zeta-Plus, Brookheaven Instrument Co., NY)  �� 34��2.

4. �� � ��

�7 ?�) ;e ¡
, �5
� ��� p�s  yá p6� 

¬ $ !"
 Bi=? %@ 7 ���� �*  ®¯� @? ��

� ��²^e ��� 
'U 
�  &�� >W��2.

4-1.�	
� �
 �� ��

��� pH  &) ���� �*? Fig. 3s ¡
 ÊËxU  y:

,-�* xUF k! �Jg�5 AB(regression)�� CAB �±

�(slope)5�¾ JÓ�2. ,-�*? ÊË�.  yá k!H�5 �

.�? ù%� E��ò, G �� 7 ê�� 0.5 atm
�� ®M 

7^ DX k!"� E
> �2. �ñ) w£ 7 pH 2.5-7 '* 

&) G ��� PCTEp� ���� �*<se, Kim �[11]� pH 4-

7 '*  &) <s. �� ñV�> �t� Fig. 4 7 u v �2.

PCTEp� ��*ÿ(isoelectric point, IEP)X � 3.45 
 �� ÐJ

5 �� p6� ��"� ù(+)s t(-)� C"
 x�1 �2. °±

� Fig. 4 ? KCl 1 mM ²^ 7 pH  y: XM-50p� ����

�*� xU��� �9��2. ,-�*� �±�5�¾ ]�B XM-

50p� �*? pH 2.5-11 '* 7 &� −5E−25 mV� �� .§ò,

��*ÿX PCTEpE2 �¤ FX � 3.2
2. 	#QL ��� XM-

50pX *� pH '*F è? v�� 7 °ãä�� �_H �T

(dissociation)e ��#� C4 
'�� ��  �� p6�
 t(−)

��F �? µ�5 êì�2.

4-2. ������ ���
 ��

 

Table 1. Conditions of colloidal suspension

Latex 
concentration

(ppm)

KCl 
concentration 

(mM)

*Debye length
(nm)

Solution
pH

Effect of 
latex concentration

010
 1.0  9.64

6.4

100
300

Effect of 
ionic strength 100

0.1 30.510
1.0 9.64

10.00 3.05

*Debye length(nm)=[ionic strength(M)]−1/2/3.278

Fig. 2. Experimental setup for the measurements of membrane poten-
tial and permeate flux.
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áâÈ��� 89�* 34� *� ê�) 89�* _��?, �

5
� ��  
 �#� õV) � �# ê
  �Ê� 3A @>

�9�? ��®�(electrophoresis)  �) ��� 
�^(mobility)F

|§�� cÌH�5 89�*F Ó��? Ág
2. ��7, GÓH

(light scattering)� �
.F ��� |§� ��� 
�^ MX ^Æ

�(Doppler) ¥T  �� ]�§ò 2ts ¡X

(3)

�JF è?2. ��7 ∆fD? ^Æ� @Iv x*(Doppler frequency

shift), LX �
.� I/(wavelength), E? .�� ��/(electric field),

nX JÀK(refractive index), �T> θ? ÓH�^(scattering angle)
2.

CAB ��� 
�^e .�� ��/s� �J 7 Smoluchowski�

4�F �� ��� 
�1  ̂ vF 2ts ¡


(4)

]f v �>, 
5�¾ ��� 89�* ζpF <4�1 �2.

@AB pH 7 KCl ²^  y: áâÈ��� 89�* 34<s?

Fig. 5e ¡2. áâÈ��? pH 3-9� w£ 7 &� −15E−40 mV

'*� t(−) ��F ���ò, pH. �.�  yá 89�*^ �.

�? Ð¯� �9��2. 
'U 
�  &�7? KCl 1 mM 
� 7

? pH�  yá �� ñ4��� �. K |~ ��� E���, KCl

1 mM 
% 7? 
'U 
�� �.  yá �
 �.��2. 
¡X


'U 
� �.  y: ��� 89�* �.? 2: 	� 7^ �

ê) <s(
 8Ï=A �2[17, 18]. ñL
 Hunter[14]. 8Ï) �

�
#$� MU(relaxation) rse, � �  Zukoskie Saville[17].

8Ï) �H Èö$(dynamic Stern layer) �Þ5N 
  &) õÄ


.��2. I, �� @*  !"� ��
#$�� 
'� 
� 7 �

*� ïëO) xU. ñA��� 0X �� �L� 
�  yá ��


#$� §\H� x!(retarded distortion)
 /0�� ��� 89�

*? �.=? §ÿ 7 �9�? µ
2.

 

4-3. in-situ �	
� �
� ��� ����� ��

áâÈ��� ²^  y: ���� �*� xU ��� �W��

*� pH 6.4, ���� KCl 1 mM 7 �5
� ��#� áâÈ�

²^F 10, 100, 300 ppm�5 �� xUÏP2. Fig. 6 7 áâÈ��

� ²^. �.fv! Ï¤  y: ÅsÆÇÈ� |~(decline). �

Q�� © v ��ò, 5R.§5 ���� �*^ |~�? ���

Fig. 7 7 u v �2. áâÈ ²^. �.fv! ¬ $� h/)

!"�5 Ås.S
 �.Ø� Darcy� ÂO  �� T3f v �>


? ÅsÆÇÈ� |~5 �9U2. ÅsÆÇÈ� |~? p�	�

�) �L ,-� |~F �ó�� �Ó$� 
',-
 �U�2.

yá7, �� ùÔ¤  /0=? ,-�*. �¼V F°§1 =A

���� �*F F81 �2. 
e �Ï , ��� ²^. �.� 

yá ��� ���^^. �.�� ,-�*? F°§1 => ¸2

Ï ���� �*. |~�^! R�Ø� H-Sg� �� 
�f v

�2. 
e �ê�1 �5
�� ��®� �� 7^ ��� ²^.

�.�� ��� 89�*  aû�? 
�^. F°§? <sF C

� v �2.

M = 
∆fDL

2En θ 2⁄( )sin
---------------------------------

v = ME = 
εζp

η
--------E

 

Fig. 3. Streaming potential(∆∆∆∆Vs) versus transmembrane pressure(∆∆∆∆P)
with different pH at 1.0 mM KCl concentration.

Fig. 4. The membrane potential for XM-50 as a function of pH at 1.0
mM KCl concentration. Note that experimental results were
compared with the previous results for PCTE to conform the
reliability of our experimental system.

Fig. 5. Zeta potential of polystyrene latex as a function of KCl concen-
tration.
���� �38� �2� 2000� 4�
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 ��� ���� �� 177
���� �*� ã�? Ï¤ Ðs  yá |~�� <WX ñ4)

�� �9�?  
 ÐjF ¬ $� Î_) !"  y: p�� B

iÏÿ�5 
�f v �2. 10 ppm ��²^ 7? 300_ 
� 7
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Fig. 6. Change in the permeate flux during the filtration as a function
of latex concentration. Experiments were performed with XM-
50 membrane at 0.5 atm of transmembrane pressure.

Fig. 7. Change in the membrane potential during the filtration as a
function of latex concentration. Experiments were performed
with XM-50 membrane at 0.5 atm of transmembrane pressure.

Fig. 8. Change in the permeate flux during the filtration as a function
of ionic strength. Experiments were performed with XM-50
membrane at 0.5 atm of transmembrane pressure.

Fig. 9. Change in the membrane potential during the filtration as a
function of ionic strength. Experiments were performed with
XM-50 membrane at 0.5 atm of transmembrane pressure.
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E : electric field [V/m]

∆fD : Doppler frequency shift [sec−1] 

L : laser wavelength [m]

M : mobility [m2/Vþsec]

n : refractive index [-]

P : pressure [atm]

r : pore radius [nm]

Vs : streaming potential [V]

v : particle velocity [m/sec]

� !� "�

εo : vacuum permittivity [C/Vþm]

εr : relative permittivity [-]

ζ : membrane zeta potential [V]

ζp : particle zeta potential [V]

η : viscosity [Kg/mþsec]

θ : scattering angle [degree]

λo : bulk solution conductivity [ohm−1 m−1] 

λs : specific surface conductivity [ohm−1]
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